The Ogu cytoplasm for male sterility and its fertility restorer gene Rfo in canola (Brassica napus L.) were originally introgressed from radish (Raphanus sativus L.) and have been widely used for canola hybrid production and breeding. The objective of this study was to determine the physical location of the Rfo locus in the canola genome using fluorescence in situ hybridization and genetic mapping. For physical localization of the Rfo gene, two bacterial artificial chromosome (BAC) clones, G62 and B420, which were closely linked to the Rfo gene, were used as probes to hybridize with the somatic metaphase chromosomes of a canola hybrid variety, PHI-46 (46H02), containing the Rfo fragment. The results showed that both clones were physically located at the end of one large metacentric chromosome. By simultaneous use of two BAC clones and 45S rDNA repeated sequences as the probes, we demonstrated that the large metacentric chromosome probed with the two BAC clones did not carry 45S rDNA repeated sequences. The chromosome was 3.65 ± 0.74 mm in average length (20 cells 
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Introduction
Canola (Brassica napus L.) (2n = 4x = 38, AACC genomes), a major and important oilseed crop worldwide, is an amphiploid originated from interspecific hybridization between two diploid species, Brassica rapa L. (2n = 2x = 20, AA) and Brassica oleracea L. (2n = 2x = 18, CC) (Parkin et al. 1994; Bohuon et al. 1996; Wu et al. 2000) . Utilization of heterosis in canola production has proven to be the most important approach for increasing yield. Like in other major crops such as maize, sunflower, rice, and sorghum, commercial utilization of heterosis in canola has been achieved through a set of male-sterile line (A line), maintainer line (B line), and restorer line (R line). In the cytoplasmic male sterility (CMS) system, stable CMS and its efficient fertility restorers are imperative for economically efficient production of canola hybrids.
A number of CMS systems have been described in B. napus, such as Polima (pol) (Fu 1981) , the common B. napus (nap) (Shiga and Baba 1971) , and Ogura (ogu) (Ogura 1968) , but some of them are difficult to use for hybrid seed production owing to the lack of either stable maintainer lines or proper restorer lines. Ogura CMS, originally identified in radish (Raphanus sativus L.) (2n = 2x = 18, RR), is caused by an aberrant mitochondrial gene, Orf138, that prevents the production of functional pollen without affecting female fertility (Brown et al. 2003; Desloire et al. 2003) . The Ogu cytoplasm confers complete male sterility to all known B. napus cultivars, and a single restorer gene (Rfo) from radish for Ogu CMS has been transferred to B. napus by interspecific crossing (Ogura 1968; Heyn 1976; Pelletier et al. 1983 ). The Ogu-Rfo system has been extensively used in hybrid canola breeding programs. However, the physical location of the Rfo locus in the canola genome has remained unknown owing to inherent difficulty in cytological analysis of canola.
Fluorescence in situ hybridization (FISH) provides a unique link between cytogenetic and genomic analysis and it is a powerful technique for chromosome identification and physical mapping of specific genes and sequences on individual chromosomes (Dong et al. 2000; Howell et al. 2002; Kim et al. 2002) . Numerous cytogenetic studies in the genus Brassica were performed to identify individual chromosomes of the diploid species and amphiploids through FISH by using repeated DNA sequences as probes, such as 45S rDNA (18S-5.8S-26S), 25S rDNA, or 5S rDNA (Fukui et al. 1998; Hasterok et al. 2001; Howell et al. 2008) . Bacterial artificial chromosome (BAC) clones as chromosome-specific FISH markers are being increasingly used in cytogenetic mapping in diploid Brassica species. Howell et al. (2002) assigned all nine linkage groups of the B. oleracea genetic map to each of the nine chromosomes by BAC-FISH using chromosome-specific clones. Similarly, FISH with selected BACs was successfully carried out in B. rapa to integrate the genetic and cytogenetic maps (Yang et al. 2005 ).
Recent advances in canola genomics and molecular cytogenetics provide the possibilities to uncover the physical location of the Rfo locus in the canola genome. So far, a number of genetic maps have been constructed in canola and the molecular markers closely linked to the Rfo locus have been identified (Delourme et al. 1994; Giancola et al. 2003; Udall et al. 2005; Hu et al. 2008) . The BAC clones linked to the Rfo locus have been identified from a large insert DNA library constructed from canola variety 'N1717', which carries the Rfo locus (Wu et al. 2000) . The objectives of the present study were to physically localize the alien Raphanus fragment carrying the Rfo locus on the canola chromosome using two BAC clones (B420 and G62) linked to the Rfo gene (unpublished data) and 45S rDNA as probes by using BAC-FISH analysis and to genetically map the Rfo locus.
Materials and methods
Material and somatic chromosome preparation
Pioneer Hi-Bred Production Ltd. proprietary canola (B. napus) hybrid 46H02 was used in this study. Hybrid 46H02 contains a restorer locus Rfo for the Ogura CMS, which was introgressed from radish (R. sativus). Seeds of 46H02 were planted in 3.5-in. clay pots with Sunshine Mix (Sun Gro Horticulture Canada Ltd., Seba Beach, Alberta) in a greenhouse at 22-25 8C under supplemental sodium halide lights with a 16 h photoperiod. Root tips from young plants were collected and fixed in methanol -glacial acetic acid (3:1) for 1-2 days. After washing in distilled water three times, the root tips were digested in a mixture of 2% cellulase (Onozuka R10) and 1% pectinase (Sigma-Aldrich, St. Louis, Missouri) at 37 8C for 45 min. The softened root tips were carefully washed with distilled water three times and then fixed in the above fixation solution. A single root tip was macerated in a drop of fixation solution using a fine-pointed forceps. Then the slide was quickly flamed-dried over a small alcohol lamp. The slides were examined using phasecontrast microscopy and the slides with plentiful well-spread metaphase chromosomes and free of debris were used for in situ hybridization.
Probe labeling
Two Pioneer proprietary BAC clones, G62 and B420, which contain 85 kb genomic fragments of R. sativus, were obtained by screening a binary vector-based DNA library for B. napus with the molecular markers C2 and F10, which are linked to the fertility restorer gene Rfo (Wu et al. 2000) .
BAC clone DNA was isolated by an alkaline lysate method and the purified DNA was labeled with a standard nick-translation reaction procedure (Roche Diagnostics GmbH, Germany). For single-color FISH, probe G62 or B420 was labeled with digoxigenin-11-dUTP (Enzo Life Sciences, Inc.). For two-color FISH, probe G62 was labeled with digoxigenin-11-dUTP and probe B420 was labeled with biotin-16-dUTP (Enzo Life Sciences, Inc.). 45S rDNA probe was labeled with digoxigenin-11-dUTP and applied to the same slides for two-color FISH analysis.
In situ hybridization and signal detection
FISH was performed according to Jiang et al. (1995) with minor modifications. A hybridization mixture for each slide (40 mL containing 20 mL of deionized formamide, 8 mL of 50% dextran sulfate, 4 mL of 20Â SSC, 0.5 mL of 10% SDS, 0.5 mL of SSDNA(10 mg/mL), 2 mL of 50-100 ng labeled probes, and 5 mL of water) was denatured at 80 8C for 10 min and then immediately placed on ice for 5 min. The slides were denatured by applying 100 mL of 70% formamide in 2Â SSC at 70 8C for 3 min and then quickly dehydrated in a -20 8C ethanol series (70%, 90%, and 100% ethanol, 5 min each). The slides were allowed to air-dry for 20-30 min. A 40 mL denatured hybridization mixture was applied to each of the slides and sealed under a plastic hybridization cover slip with rubber cement. After overnight incubation at 37 8C, the cover slips were removed and the slides were washed in 2Â SSC for 5 min followed by a 20% formamide -2Â SSC wash for 15 min at 42 8C and then washed twice in 2Â SSC for 15 min at 42 8C.
Digoxigenin-labeled probes were detected with an anti-digoxigenin-rhodamine (Roche Diagnostic, Indianapolis, Indiana) and biotin-labeled probes were detected with fluorescein Avidin DCS (Vector Laboratories, Inc., Burlingame, California). The slides were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Fluorescence signals from different probes were captured individually under a Zeiss Axioplan 2 epifluorescence microscope (Carl Zeiss Light Microscopy, Germany) and then merged using Axiocam & Axiovision 3.1 software (Carl Zeiss Light Microscopy).
Morphological analysis of the targeted chromosomes
The length of the chromosomes probed with the two BAC clones was measured in 20 cells with good-quality mitotic metaphases. The centromeric indices of the targeted chromosomes were calculated as the percentage of short arm length/total chromosome length (Levan et al. 1964) .
Marker analysis and genetic mapping
A population of 188 double haploid lines developed from the cross WC-009 Â SC-105 in 2005 was used for genotyping in this study. The female parent WC-009 was used as the nonrestorer parent and SC-105 was used as the restorer. Material was planted in a greenhouse and leaf tissue was collected from 3 week old plants. The CTAB method was used to extract plant genomic DNA from each of the 188 double haploid lines as well as the parental lines. DNA concentrations were adjusted to 3 ng/mL as the templates for PCRs. Polymorphisms were determined by screening parental lines with 639 SSR markers. SSR forward primers were synthesized by Applied Biosystems (Foster City, California) and were labeled with 6-FAM, NED, PET, or VIC fluorescent dye. PCR was performed in 384-well PCR plates, with each reaction containing 9 ng of genomic DNA, 0.1 mmol/L each primer, 2.5 mmol/L MgCl 2 , 0.5 mmol/L each dNTP, 1Â PCR buffer, and 0.2 unit of Taq Gold DNA polymerase. Amplifications were performed in a BIORAD Tetrad2 Peltier thermocycler (Bio-Rad, Hercules, California). The amplification program began with a 10 min denaturing step at 95 8C followed by 35 cycles of 30 s at 94 8C, 30 s at 60 8C, and 30 s at 72 8C and ending with 5 min at 72 8C. The PCR products of the SSR markers were multiplexed into groups of six by adding 4 mL of each PCR product to 220 mL of deionized water to make a total volume of 244 mL of diluted multiplexed mix. Then, 2.0 mL of each multiplexed sample was added into each well containing 8.04 mL of loading buffer (0.04 mL of GeneScan 500 LIZ size standard mixed with 8.0 mL of ABI HiDi formamide) in a 96-well plate. The samples were loaded on an ABI 3730 DNA analyzer (Applied Biosystems) for capillary electrophoresis. Marker data were imported into GeneMapper version 4.7 software (Applied Biosystems) for allele characterization.
Genetic linkage maps were constructed using JoinMap version 3.0 computer software (Van Ooijen and Voorrips 2001) using a minimum log of odds of 3.0. The Kosambi (1944) mapping function was used to convert the recombination fractions to genetic distance (centimorgans). The linkage groups were assigned names corresponding to the B. napus public genetic maps (www.brassica.info/resource/ maps/lg-assignments.php).
Results and discussion
Two BAC clones, G62 or B420, previously constructed from canola are linked to the restorer gene Rfo introgressed from radish (Wu et al. 2000) . In the present study, BAC-FISH was conducted to physically localize the two BAC clones to the canola chromosome. In situ hybridization on somatic chromosomes of canola PHI-46 with a single probe, either G62 or B420, resulted in double signals located distally at the end of the long arm of one large metacentric chromosome (Figs. 1A and 1B) . The average length and centromere index of the targeted chromosome (20 cells) were 3.65 ± 0.74 mm and 43.74 ± 4.19, respectively. Canola PHI-46 is an F 1 hybrid between a male-sterile line and a restorer line carrying the Rfo locus and thus should have only one chromosome rather than a chromosome pair carrying the Rfo locus from the restorer line. Through the simultaneous use of two BAC clones as probes, two pairs of hybridization signals also appeared near the end of the long arm of the same large metacentric chromosome (Fig. 1C) . The hybridization signals from the B420 clone (green signal) and G62 clone (red signal) were both clearly separated. In a majority of the cells with well-spread chromosomes, the hybridization signals from the B420 clone were more distal from the centromere than those from the G62 clone (Fig. 1C) , suggesting that the DNA segment of the B420 clone might be physically more distal than that of the G62 clone on the interchanged chromosome.
To determine if the two BAC clones located on the chromosome bearing 45S rDNA (the 2.6S-5.8S-18S rRNA gene cluster), we performed multi-FISH using G62, B420, and 45S rDNA as probes. The results showed that 45S rDNA loci were distributed on 12 canola chromosomes; however, two pairs of signals from two BAC clones were present on a particular chromosome, which did not bear 45S rDNA (Figs. 1D-1F ). The sites of 45S rDNA loci were classified into two groups, one group included six sites detected at the end of chromosome arms and the other six sites were detected at the interstitial regions of the chromosomes. Each site of 45S rDNA varied in size and fluorescence intensity, indicating differences in copy number of repeat sequences.
The genes for 25-28S, 5.8S, and 18S cytoplasmic rRNAs (rRNA genes or rDNA) in eukaryotes are generally present as many hundreds of tandem repeated units, each of which contains one structural gene for each RNA (Gerlach and Bedbrook 1979; Appels et al. 1980) . If active, the rRNA genes form a nucleolus and nucleolar organizing regions. The significance of rDNA loci for chromosome identification and karyotype construction has been analyzed thoroughly in diploid (B. nigra, B. oleracea, and B. rapa (Koo et al. 2004) , B. oleracea (Ziolkowski and Sadowski 2002) , and B. napus (Schrader et al. 2000; Hasterok et al. 2001; Snowdon et al. 2002) .
The different numbers of rDNA loci were often observed in different species or varieties of the same species. For example, 25S rDNA is present in either 12 sites (Maluszynska and Heslop-Harrison 1993; Schrader et al. 2000) or 14 sites (Kamisugi et al. 1998; Hasterok et al. 2001) in B. napus. The difference may arise from poor resolution of small and weak signals or from the difference of the materials used in different studies. Fukui et al. (1998) reported that the pair numbers of 45S rDNA loci in B. rapa (AA), B. nigra (BB), and B. oleracea (CC) are five, three, and two, respectively. However, it was concluded that the number of chromosomes bearing rDNA sites in the allotetraploids, such as B. napus (AACC), is not in all cases simply the sum of the pair numbers of the sites in their diploid ancestors B. rapa (AA) and B. oleracea (CC) (Hasterok et al. 2001) . The 12 rDNA sites of 45S rDNA currently observed in canola are consistent with the results reported by Maluszynska and Heslop-Harrison (1993) and Ali et al. (2005) .
With the aid of rDNA as cytogenetic markers, putative karyotypes of B. napus (AACC) and its diploid ancestors B. rapa (AA) and B. oleracea (CC) have been established in several studies (Armstrong et al. 1998; Fukui et al. 1998; Snowdon et al. 2002; Koo et al. 2004 ). In the putative karyotypes, the 10 pairs of A-genome chromosomes in B. napus and B. rapa were relatively smaller in size than the nine pairs of C-genome chromosomes in B. napus and B. oleracea. Koo et al. (2004) reported that the average lengths of mitotic metaphase chromosomes of B. rapa ranged from 3.30 mm (chromosome A1) to 1.46 mm (chromosome A10). The two relatively large chromosomes A1 and A2 of B. rapa both carried 45S rDNA sites (Koo et al. 2004 ). Apparently, the large metacentric chromosome hybridized with the two BAC clones in our study does not belong to the A genome. The C genome of B. napus (Snowdon et al. 2002) and B. oleracea (Armstrong et al. 1998; Fukui et al. 1998; Howell et al. 2002) includes four large (C1, C2, C3, and C4), three medium (C5, C6, and C7), and two small (C8 and C9) chromosomes. Among the four large chromosomes, one was acrocentric bearing 45S rDNA (chromosome 2 (Fukui et al. 1998; Snowdon et al. 2002) and chromosome 4 (Armstrong et al. 1998) ), two were submetacentric (chromosomes 1 and 4 (Fukui et al. 1998; Snowdon et al. 2002) and chromosomes 1 and 2 (Armstrong et al. 1998) ), and only chromosome 3 was metacentric (Fukui et al. 1998; Snowdon et al. 2002; Armstrong et al. 1998) . Based on our visual observation on the numerous cells, we found that the large chromosome bearing the two BAC clones in our study was a metacentric chromosome. Armstrong et al. (1998) reported that the mean centromeric indices of nine chromosomes of B. oleracea ranged from 41.27 ± 3.67 in chromosome 3 to 11.22 ± 3.17 in chromosome 4 and chromosomes 1 and 2 had a centromere index of 30.93 ± 3.59 and 33.69 ± 3.81, respectively. The targeted chromosome by the two BAC clones in our study had a centromere index of 43.74 ± 4.19, most closely matching that of chromosome 3. Thus, the targeted chromosome by the two BAC clones is likely chromosome 3 of B. oleracea as designated by Armstrong et al. (1998) . However, owing to the small size and morphological similarity of the chromosomes in canola, the precise karyotype and physical map of canola chromosomes will be needed for further confirmation in the future through BAC-FISH mapping using more BAC clones derived from the same linked group.
Since the recombination active regions are localized primarily in the distal euchromatic segments, most of the BAC clones were localized to or near the chromosomal ends (Kim et al. 2002; Wang et al. 2007) , although their linkage markers were defined as being interiorly positioned in the respective linkage groups. Similarly, the FISH signals of the two BAC clones used in this research resided near the ends of chromosomes.
In support of the BAC-FISH results, the restorer locus Rfo was mapped using a double haploid population derived from the cross WC-009 Â SC-105. Of the 639 SSR markers used to screen the parental lines, 290 (~45%) were polymorphic. The 285 SSR markers were used to genotype the mapping population and subsequently generate a genetic map consisting of 15 linkage groups (LGs), which have been designated names corresponding to the public genetic map (www. brassica.info/resource/maps/lg-assignments.php). The restorer locus mapped to LG N19 (Fig. 2) , which was confirmed by aligning this genetic map with maps from other studies (data not shown). In the B. napus consensus map, 19 linkage groups have been numbered as N1-N10 (A genome) and N11-N19 (C genome) (Udall et al. 2005) . Thus, mapping of the restorer gene on LG N19 supports the findings from the BAC-FISH study that the restorer gene is located on the C genome of B. napus, which was derived from the diploid species B. oleracea.
BAC-FISH is a reliable method for chromosome identification and localization of chromosome-specific BAC clones. However, BAC-FISH is a challenge for many plant species, especially for polyploidy plants, because most BAC clones with large insert DNA fragments contain repetitive sequences, and if C 0 t-1 DNA is not applied in the probe mixture, nonspecific hybridization signals will be produced (Jiang et al. 1995; Howell et al. 2002; Wang et al. 2007 ). In the present study, highly efficient hybridization was observed for the probes of both BAC clones, and the targeted chromosomes in approximately 80% of the cells examined (totally 250 cells) were successfully labeled even without C 0 t-1 DNA for blocking the repetitive DNA. The explanation for this result was that the two BAC clones linked to the Rfo locus were derived from a radish chromosome fragment, which is not homologous to sequences of B. napus chromosomes.
The BAC-FISH technique provides an ideal tool to integrate the cytogenetic and genetic maps for several plant species (Dong et al. 2000; Kim et al. 2002; Wang et al. 2007 ). However, for Brassica species, most previous studies were limited to chromosome counts and preliminary karyotype analysis, accompanied by the use of repeated DNA sequences (45S rDNA, 5S rDNA, or 25S rDNA) in wild and cultivated species using the FISH technique. In the present study, two BAC clones, G62 and B420, closely linked to the Rfo gene derived from R. sativus were localized near the end of one large metacentric chromosome and were mapped onto
LG N19. These results, for the first time, provide evidence of the location of the Rfo gene on a canola chromosome and establish a basic framework for future physical mapping. In addition, the BAC-FISH procedure established in this study may facilitate further improvement of the restorer line by restoration of lost canola genetic information and reducing deleterious genetic characteristics such as low seed yield, poor disease resistance, and lodging susceptibility associated with the Rfo gene.
